Abstract: Ring-opening polymerizations of L-lactide were carried out in the presence of Sm(II) (SmI 2 /Sm) and the Sm(III) complex [Sm(µ-Cl){N(SiMe 3 ) 2 } 2 (THF)] 2 (Me: CH 3 , THF: tetrahydrofuran). The polymerizations were performed using different mole ratios of monomer to initiator and for different time intervals. The complexes were found to be active polymerization catalysts and led to the synthesis of semicrystalline, optically active poly(L-lactide) retaining about 95.5% of the optical activity. This shows that -with the initiator systems used -polymerization proceeds with the retention of configuration at the chiral carbon atom.
Introduction
Aliphatic polyesters are important as biodegradable materials. In general, ionic and pseudoionic ring-opening polymerization (ROP) using alkali metal alkyls, alkoxides, metal halogenides, Al and Zn complexes etc., is the major synthetic route for the synthesis of polyesters [1] [2] [3] [4] [5] . More recently, the emphasis is on the use of organolanthanide based initiators. Much literature is now available on ROP of lactones using organolanthanide complexes [6] . These have the advantage of providing living polymerization with minimum side reactions. For example, [SmMe(C 5 Me 5 ) 2 (THF)] and [SmH(C 5 Me 5 ) 2 ] 2 have been reported by Yasuda et al. [7] to be efficient polymerization initiators for the living polymerization of lactones with very low polydispersity index (M w /M n = 1.08). Much work is also being carried out in our laboratory on the metal catalyzed ROP of lactones with the aim to synthesize polyesters with controlled characteristics (predictable molecular weight from initial mole ratio of monomer and initiator, low polydispersity index and control over end groups) [8] [9] [10] [11] [12] [13] . Our results have already shown the importance of ligand tuning in achieving the living ROP of lactones using rare earth based initiators [12] [13] . Sm(II) iodide in the presence of metallic samarium showed enhanced reactivity as room temperature ROP initiator for lactones [8] . Ligand tuning for samarium based initiation provided an improved initiator system, µ-halo bridged bis(trimethylsilyl)amido complexes [Sm(µ-X){N(SiMe 3 ) 2 } 2 (THF)] 2 (X = Cl, Br), leading to the synthesis of polylactones with moderate polydispersity index and to successful synthesis of block copolymers [9] .
Poly(L-lactide)s (PLAs) are another class of polyesters gaining ever-increasing importance as biomaterials. Although the ROP of LA is generally used as the most common synthetic route for the synthesis of high molecular weight PLAs, the method continues to be developed, especially with respect to the catalyst employed [14] [15] [16] [17] . This is in particular to overcome the problem of racemization and low activity of the initiators used till now [18] [19] [20] .
The samarium complex [Sm(µ-Cl){N(SiMe 3 )} 2 (THF)] 2 with X = Cl forms a centrosymmetric dimeric molecule via µ-X halogeno bridges. The samarium atoms are coordinated in a distorted trigonal-bipyramidal surrounding, the THF molecule and one of the bridging halogen atoms being in axial positions. This coordination sphere seems to be very appropriate for catalysts with respect to the important primary step of coordination of donor molecules like LA. Our encouraging results in case of ROP of lactones with Sm(II) and Sm(III) based initiators led us to examine these initiators for ROP of LA. This paper reports the use of SmI 2 /Sm and the µ-chloro bridged bis(trimethylsilyl)amido complex [Sm(µ-Cl){N(SiMe 3 )} 2 (THF)] 2 for the synthesis of opticaly active PLA.
Results and discussion
Both SmI 2 /Sm (1) and [Sm(µ-Cl){N(SiMe 3 )} 2 (THF)] 2 (2) are found to be active LA polymerization catalysts (Scheme 1). When Sm(II) iodide in the presence of excess of Sm metal (5 mmol) was utilized as ROP initiator for LA monomer, polymerization occurred at room temperature but the reaction was very slow and only a very negligible yield of the polymer was obtained for a 46 : 1 mole ratio of LA : 1 even after 96 h. Therefore, further polymerization reactions were carried out at 50 o C and the results are given in Tab. 1. 
Exp.
M n Â 10 the occurrence of side reactions (intramolecular transesterification) along with the chain growth polymerization reaction. Reactions were carried out at different mole ratios of LA : 1. With increasing mole ratio of LA : 1 (347 : 1), polymerization could be achieved but only 60% of the PLA was obtained as methanol insoluble fraction in 120 h. The decreased yield of the polymer could be due to the slowed rate of polymerization and/or increased rate of side reaction with increasing reaction time giving low molecular weight products soluble in methanol. The same behavior is also observed for SmI 2 catalyzed ROP of lactones [8] .
The Sm(III) complex 2 performed differently as ROP initiator for LA than 1. The polymerization was significantly faster as compared to the SmI 2 system. For example, using the 2 : LA mole ratio = 1 : 150, 90% PLA with moderate polydispersity index and M n = 1.18 Â 10 4 was obtained in 150 min. The molecular weight was found to be closer to the theoretical molecular weight (M n = 9700) when we assume two polymer chains being formed from one initiator molecule (Tab. 2). The decrease in M n and polymer yield on prolonging the reaction time indicates intramolecular transesterification reactions producing small cyclic oligomers soluble in methanol. This was confirmed by analyzing the methanol soluble portion of the reaction mixture (after 8 h reaction time) terminated using methanol containing a few drops of HCl. The insoluble part was filtered off and the low molecular weight soluble product was analyzed by NMR spectroscopic techniques after evaporation of the solvent. This shows the presence of cyclic PLA, unreacted LA and linear low molecular weight PLA. The presence of cyclic oligomers is indirectly confirmed by the presence of a singlet at 3.7 ppm (terminal methyl ester) resulting from the partial methanolysis of cyclic oligomers in the presence of HCl used to terminate the polymerization reaction (Fig. 1) . The ratio of peak areas of terminal esters (C(O)-OCH 3 ) and terminal hydroxy (-OH) groups was found to be 3.1. Moreover, linear PLA stirred in cold acidic methanol does not show a peak due to the terminal methyl ester group in 1 H NMR and no extra peak in the low molecular weight region or a change in molecular weight in GPC. This shows that the peak at 3.7 ppm in 1 H NMR (Fig. 1) comes mainly from the methanolysis of cyclic oligomers. The same behavior has been reported by Dubois et al. using aluminium isopropoxide as the catalyst [23] .
Our previous findings for ROP of lactones with the Sm(III) complex [Sm(µ-Cl){N(SiMe 3 )} 2 (THF)] 2 proved the polymer chains to be living. The synthesis of block copolymers was accomplished by sequential monomer addition [9] . Presently, LA was polymerized with the Sm(III) complex 2 to form active PLA chains which we then attempted to react with lactones like 0-caprolactone and /-valerolactone. The analysis of the polymer obtained through 1 H and 13 C NMR showed only the formation of homo-PLA. This could be due to the non-living character of the growing polymer chain or steric hindrance of the methyl group making the growing PLA chain less reactive. The same behavior was observed earlier by Deng et al. for the polyethylene glycolate catalyzed polymerization of LA [24] . [25] , the specific optical rotation of 100% optically pure PLA is -156. Therefore, 95.5% optically pure PLA could be synthesized using the bridged complex. Many samples, made by using 1 as the catalyst, were also tested and the optical rotation was found to be in the range -144 to -139.
The typical differential scanning calorimetry (DSC) trace, registered for the PLA (sample no. 4, Tab. 1) prepared by 1 is shown in Fig. 2 The absolute value of the enthalpy of crystallization (¨H C = 19.3 J/g) is less than the enthalpy of melting (¨H m = 53.2 J/g), indicating that, before the DSC run, the polymer was semicrystalline. Taking ¨H m 100 = 61.0 J/g for a 100% optically pure sample [26] , the nascent sample was found to be 87% crystalline. After the first DSC scan, the sample was cooled to 20°C at a rate of 30 K/min and then the second scan was performed. In this scan, the difference between the enthalpies of crystallization (¨H C = -5.3 J/g) and melting (¨H m = 52.1 J/g) is much higher and shows that the polymer is essentially crystalline with only a very small amorphous portion.
Experimental part

Materials
L-Lactide (LA, Aldrich) was recrystallized from dried ethyl acetate. The monomer was dried under reduced pressure before use. Synthesis and characterization of the Sm(III) µ-chloro bridged bis(trimethylsilyl)amido complex [Sm(µ-Cl){N(SiMe 3 )} 2 (THF)] 2 have been described previously [21] . SmI 2 was prepared as 0.1 M solution in THF by reacting 10 mmol of Sm (Aldrich, 40 mesh) with 5 mmol of diiodoethane [22] .
Polymerization
All polymerizations were carried out under argon, in toluene, in previously dried Schlenk tubes. In a typical polymerization process, LA (6.94 mmol) was weighed in a glove box. It was dissolved in 2.5 ml of toluene at 70 o C. A solution of the catalyst [Sm(µ-Cl){N(SiMe 3 )} 2 (THF)] 2 (0.046 mmol) in 2.5 ml toluene (also prepared in a glove box) was then added through a rubber septum with a syringe. The reaction mixture was stirred at 70 o C. After definite intervals of time, the reaction content was added to excess of cold methanol containing a few drops of HCl to terminate the polymerization reaction. The precipitate was filtered, dried under vacuum and purified by dissolving again in CHCl 3 and precipitating in cold methanol.
In a representative polymerization process using SmI 2 initiator, LA (1 g, 6.94 mmol) was added in a predried Schlenk tube under argon. 1.5 ml (0.1 M) SmI 2 was taken with a syringe from a stirred solution of SmI 2 /Sm and added to the monomer. The reaction contents were stirred at 50 o C. The reaction was stopped after 96 h by precipitation in methanol containing a few drops of HCl, filtered and dried in vacuum at room temperature.
Measurements
Structural characterization of the polymers was done with a Bruker AMX-400 NMR spectrometer using CDCl 3 as the solvent. Molecular weights of the polymers were determined via GPC using a Knauer GPC apparatus equipped with two 10 µl polymer mixed gel columns (600 x 800 mm, PSS) and a Knauer differential refractometer/ viscometer K200. Molecular weights were corrected by universal calibration relative to polystyrene standards. THF was used as an eluent at a flow rate of 0.63 ml/min. The samples were not completely soluble in THF at room temperature. They were slightly heated to make them soluble before GPC measurements.
Optical rotations were measured at 25 o C with a Perkin Elmer Polarimeter Md 241 in chloroform in 1 ml sample tubes, 10 cm long. Sample concentration was 1 g/100 ml.
The DSC measurements were performed in N 2 using a Mettler thermal analysis system. The scans were measured at a heating rate of 10 K/min.
Conclusions
From this investigation it is clear that SmI 2 -in the presence of an excess of Sm -and the Sm(III) complex [Sm(µ-Cl){N(SiMe 3 )} 2 (THF)] 2 are ROP polymerization initiators for LA. Both Sm(II) and Sm(III) catalysts used led to the synthesis of crystalline, optically active PLA without significant racemization. A change in the ligand structure can change the polymerization activities significantly. Our future efforts will focus on the ligand tuning of Sm based initiators in order to achieve living systems for the synthesis of crystalline, optically active PLA with narrow molecular weight distribution.
